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Nonregular condensed systems with polyatomic impurity particles are considered in this paper. The calcula-
tion of the thermodynamic characteristics of the system, including the change in entropy of nonregular condensed
systems upon the introduction of polarizable, charged polyatomic impurity particles is carried out. The change in
the system's free energy and its dependence on temperature is calculated in order to determine the change in en-
tropy of the system. A Green's function apparatus is used to perform the calculations.
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Nonregular condensed systems with polyatomic
impurity particles are considered [1 — 10]. This paper
calculates the thermodynamic characteristics of the sys-
tem, including the change in entropy of nonregular con-
densed systems [4 —7] upon the introduction of polariz-
able, charged polyatomic impurity particles. Naturally,
to calculate the change in entropy of the system, it is
necessary to calculate the change in the system's free
energy and its dependence on temperature.

To calculate the thermodynamic characteristics of
condensed systems with impurity particles, the appa-
ratus of temperature Green functions for nonregular
condensed systems is convenient, allowing one to take
into account the effects of frequency and spatial disper-
sion of the system and the specifics of the interaction of
impurity particles with the medium.

The total change in the free energy of nonregular
condensed system upon the introduction of impurity
particles includes the following components:

1. Work associated with the formation of the cav-
ity containing the impurity particle.

2. Free energy associated with the translational
and rotational motion of the particle as a whole.

3. Electrostatic energy associated with the interac-
tion of the impurity particle with the medium.

As a rule, the last term contributes the largest
change in the free energy of a system upon the intro-
duction of an impurity into a condensed system. It is
this change in the system'’s free energy that provides the
main contribution to the change in the system's entropy,
which is calculated in this work.

It must be taken into account that the temperature
dependence of the free energy of the system is not only
explicit but also implicit. In particular, the characteris-
tic correlation lengths of polarization fluctuations in the
medium of complex condensed systems depend on
temperature. For a system model that takes into account
the interaction of polarization fluctuations in the me-
dium with the static field of an impurity particle, this
dependence can be present through the temperature de-
pendence of the system's permittivity.

1. Hamiltonian of nonregular condensed sys-
tem with polyatomic impurity particle

The Hamiltonian of a system in which a charged
impurity particle is located in a condensed medium can
be represented as:

H= H™+H? -~ [ dF(P(ME(F, Q) -
[ dFSP(PEF, Q) (1)

Here H™ - is the Hamiltonian of polarized me-
dium, H'P is the Hamiltonian of the impurity particle,

(P(7)) - is the average polarization of the medium,
SP(#) - is fluctuation of polarization of the medium,

E(#, Q) - is the electric field strength of the impurity, Q
are the coordinates of the intramolecular vibrations of a
particle.

According to the fluctuation-dissipation theory,
the Fourier component over time of the average polari-
zation of the system can be represented through the
Green function as follows:

(P(f,w)) = — fdr'Gpapﬁ(?‘:r’; w) Eg(r"; w) (2)

where Gpapﬁ(?,ﬁ;w) is the Fourier component
over time of the Green function of the medium polari-
zation operators.

After simple transformations, the Hamiltonian of
the system can be represented as

H= 80y+ HP + H™ + H}, + HZ: (3)

Here HP - is the Hamiltonian of polarized particle,
H™ is the Hamiltonian of polarized medium, HZ, is the
Hamiltonian of the interaction of polarization fluctua-
tions of the medium with the static field of an impurity
particle:
l(LIi;nt = — [dr§P(NE (7); Eo(r) = E(T,Q = Qo)

4

In the formula (3) HZ, is the Hamiltonian of the
interaction of polarization fluctuations of the medium
with intramolecular vibrations of the impurity

Hiznt = - andfﬁn(f:) 6P(F)5Qn )

In formula (3) 6.0, is the free energy of solvation
of the particle, equal to

800 = 5[ Ea(F,Q = Qo) Gpop,(Fo77; 0 =
0)Es (', = Qo) dFd7* (6)
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The Hamiltonian H™ differs from the Hamiltonian
of an unpolarized medium by the value

SF™ = 2 [ diP(F)E(F, Q) (7)

Within the framework of the linear response the-
ory [4-5], the average polarization of the medium can
be expressed through the strength of the electric field
created by a polarized impurity particle, as a result for
SF™ we have

1

SF™ =2

2 JEa(Q) Gpppy (T 0 =
0)E; (.0

) ddF (8)

2. Free energy of nonregular condensed sys-
tem with polyatomic impurity particle

The free energies of a condensed system with a
polyatomic impurity particle 802, and §F™ differ by the
difference in the free energies of the impurity in the
solvated state and in vacuum.

80y — 6F™ = kTin Y-, 2sh(Bw,/2) —
kTIn N1 25h(Bwno/2) +Jo (9)

Where w,, and w,,, are frequencies of the n-th in-
tramolecular vibration of the particle in a solvated state
and in vacuum, J, is the difference between the minimal
energies of a particle in a solvated state and in a vac-
uum.

As a result, the electrostatic part of the change in
the free energy of the system, associated with the intro-
duction of a polyatomic polarizable impurity particle
into the condensed medium, is written in the form

60 = 60y +6F™ + 80, + 60, (10)

where 8§02, and 602, are the changes in the free en-
ergy of the system associated with the interactions H},,

and HZ,, and 812, is free energy of solvation of a par-
ticle.

The retarded Green function of the polarization
operators of the system in the case of the Debye approx-
imation can be represented as

GR(Tr5w) = (Co/4m)yo/ (vo + iw)] (11)

Where, y, is a characteristic parameter of the sys-
tem, and C, is a dimensionless constant equal to the dif-
ference between the reciprocals of the permittivities to
the right and left (on the energy scale) of the corre-
sponding absorption peak of the system.

3. Entropy of the system

If we do not take into account the temperature de-
pendence of the correlation lengths of the polarization
fluctuations of the medium on the temperature, then the
change in the entropy of the system associated with the
interaction of the polarization fluctuations of the me-
dium with the static field of the impurity can be repre-
sented in the form

651 = (602,/Cp)(0C,/9T) (12)

where T is the temperature of the system.

The change in the entropy of a system caused by
the interaction of polarization fluctuations of the me-
dium with intramolecular vibrations of the impurity
particle HZ,,, as well as the polarizability of the medium
and impurity 602, + §F™ can be calculated for specific
models of the Green functions of the medium's polari-
zation fluctuation operators.

For the pole approximation of the Green function
Gp,p g We obtain for the change in the entropy of the

system:
m

88, = (k/2)In[1 = (U(0)/wy)] = (kT/2)[1/(ws — U(0))] Z(B/GT) Wi/ w;)

m+2

+kin | [ (1= (@/20k1)] = kin] [ 1= (@y/27k1)]

j=1
m+2

- (1/2m) Z ([(2@;/07) = (@/T)[t - (@;/2mkT)]}

j=1

(13)

+ (1/211)2{ (0w;/0T) — (w;/T)Y[1 — (w;/2wkT)]} + k[In(kT /ws) — 1]
+ kln[Zsh(ws/ZkT)] — (wg/2T) cth(ws/2kT) + (8],/9)

Here, [1 — (@;/2mkT)] denotes the I" -function,
and [1 — (@;/2mkT)]denotes the  function.

In formula 10.70, U(O) is the renormalized inter-
action of intramolecular vibrations of the impurity
through the medium at zero frequency. For the pole ap-
proximation of the polarization fluctuation operators of
the medium, the renormalized interaction is defined as

Ulwy) = I [ui/(@; — |wa])] (14)

Here u; and w; are experimental constants, m is
the number of poles of the Green function of the oper-
ator of intramolecular vibrations of the impurity.

In formula 10.70, w; is the frequency of the intra-
molecular vibration of the impurity particle.

In formula 10.70, the derivatives dw;/dTcannot
always be determined analytically. In this case d@; /9T
can be determined numerically, just like the frequen-
cies.

For the Debye approximation of the frequency de-
pendence of the Green function of the polarization op-
erators of the medium for changes in the entropy of the
system, we obtain
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5S, = (wy/2kT)In(1 — £) — (kT/2 wy)[1/(1 — #)1[aU(0)/dT]

+ kin 1_[ I'[1 = (&;/27kT)] = kinI'[1 = (yo/27kT) + kin[(kT /w;) — 1]]

j=1

+ kanSh(a)S/ZkT) — (wg/2T)cth(wg/2kT)

(15)

— (1/2n0) Z (0@ /0T) — (@/T)|W[1 - (@/27kT)]
+ [070/0T) — (ro/ DI — o/ 27KT)]

Here, the coefficient of the coupling strength of in-
tramolecular vibrations with the medium is equal to

&= —AC,/4m (16)

Here, the coefficient A for a spherically symmetric
particle placed in a local homogeneous medium is equal
to

Agy = —(81/313)Co(0d/0Q)? = -
(8mCy/315)wo(0d/dq)? (17)

where 1y is the particle radius, wy is the frequency
of the intramolecular vibration, dd /dq is the derivative
dipole moment along the coordinate of the intramolec-
ular vibration.

In an approximation in which the frequency de-
pendence of attenuation on temperature can be ne-
glected, for weak coupling with the medium, we have

0w, 3/0T =
[Yow? /2(w¢ +v§)1[02(T)/0T] F
iws[v§/2(wé +v§)][02(T)/0T] (18)

For an impurity particle placed in a local homoge-
neous isotropic medium, the parameter has the form

[0&(T)/0T] =
(ng;l/Zﬂws[(l/s ?)(0e,/0T) — (1/€2)(0e5/IT)]

where &, and ¢, are the IR and static values of the
permittivity of the medium.

Conclusion

Nonregular condensed systems with polyatomic
impurity particles are considered. The thermodynamic
characteristics of the system are calculated, including
the change in entropy of nonregular condensed systems
upon the introduction of polarizable charged polya-
tomic impurity particles into the system. To calculate
the change in entropy of the system, the change in free
energy of the system and its dependence on temperature
are calculated.

To calculate the thermodynamic characteristics of
condensed systems with impurity particles, we used the
apparatus of temperature Green functions for nonregu-
lar condensed systems. The calculations took into ac-
count the effects of frequency and spatial dispersion of
the system and the specific interactions of the impurity
particles with the medium.

The paper notes that the main contribution to the
change in the free energy of a system upon the intro-
duction of an impurity into a condensed system is the
electrostatic component associated with the interaction
of the impurity particle with the environment. It is this
change in the free energy of the system that provides

the main contribution to the change in the entropy of
the system, which is calculated in this paper.
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